Positioning accuracy and power consumption are of great concern in thruster-assisted position mooring systems. Altering the set point (SP) can significantly affect the performance of the positioning system. A model test is conducted with a moored semi-submersible platform exposed to environmental loads in order to determine the vessel's equilibrium position, where the mean environmental loads are balanced by the mooring forces to avoid conflict between the control action of the thruster assist and the mooring system. Afterward, further numerical and experimental studies are conducted at several relative SPs to investigate the influence on the positioning accuracy and power consumption. Numerical simulations are conducted in both frequency and time domains based on 3-D potential theory and a proportional-integral-derivative (PID) control strategy. The simulation results agree well with the experimental data, which suggest that the proposed SP in the equilibrium position will largely improve the vessel performance while the utilization of the mooring system is maximized.
INTRODUCTION
The increasing demand for oil and gas in recent years has led to exploitation and exploration in harsher and deeper waters. To perform offshore operations in such fields, marine vessels are usually required to be positioned in a special area with high accuracy. Marine vessels are kept stationary through the use of a mooring system with thruster assistance. The main objective of position mooring (PM) is to keep the vessel in a fixed position while the secondary objective is to keep the line tension within a limited range to prevent line breaks. Several studies have been published on the control strategy for PM systems. Strand et al. (1998) focused on the modeling and proposed a control strategy for keeping vessels stationary. Aamo and Fossen (1999) developed a control strategy for PM that satisfies both the main and secondary objectives.
The typical control law for a positioning control system is the proportional-integral-derivative (PID) control. The P, D, and I terms respectively add restoring, damping, and mean forces. Note that all of the control forces are in the horizontal plane and use state estimation of the low-frequency (LF) position and velocity vectors for feedback. The estimated states can be obtained by using a Kalman filter (Aalbers et al., 1995) or a nonlinear passive observer (Fossen and Strand, 1999) . The effect of the mooring system is similar to the control action from a positioning control system in terms of providing restoring, damping, and mean forces. Among these, the most dominant effect of the mooring system is to provide a mean force compensating for the mean drift loads of the environment due to wind, waves, and current. In the present industrial PM system for turret-anchored vessels, the thrusters are used to maintain heading using PID control and to increase the damping in surge and sway of the vessel using derivative control.
The oscillatory motion of the vessel could be reduced further if the thrusters were to add more restoring control forces, given that the equilibrium position is known. This equilibrium position will be the set point (SP) for the proportional controller, of which the purpose is to prevent resonance by shifting the natural frequency of the moored vessel out of the frequency range of the excitation loads. However, this strategy is not widely used in the industry. In the present PM systems, the SP is chosen by a human (the operator). This may cause some problems if the SP is not properly selected. The field zero point is defined as the equilibrium position of the moored vessel when there are no environmental loads. When there are environmental loads, the vessel without thruster assistance will move to the equilibrium position as mentioned above. In normal environmental conditions, if the SP is closer to the field zero point than the equilibrium position, the thrusters compensate for part of the mean environmental load, while the mooring system compensates for the remaining. This means that the utilization of the mooring system is not maximized because the mooring system should compensate for the entire mean environmental load in normal conditions. If the SP is farther from the field zero point than the equilibrium position, the thruster assistant unnecessarily fights against the mooring system, causing more power consumption and possible instability. In extreme conditions, the SP will be closer to the zero field point than the equilibrium position to avoid mooring link breakage. Brink and Chung (1981) did extensive research on track keeping azimuth thruster control simulation for continuous SPs. Nguyen and Sorensen (2009) developed an SP-chasing strategy for thruster-assisted PM so that the control system can automatically choose the optimal SP rather than letting the operator choose one.
The objective of this paper is to investigate the influence of different SPs on the positioning accuracy and power consumption of thruster-assisted PM systems. Numerical simulations are conducted in both frequency and time domains based on 3-D potential theory and a PID control strategy. Mean and low-frequency
